Context: Hypospadias is a common congenital malformation of the male external genitalia with a multifactorial etiology. Little is known about the genes involved in hypospadias. A few genetic associations have been reported but mainly in studies of small sample size. Most of these associations have not been replicated.
focused on male hormones, but more recently focus has broadened to include female hormones as well. Estrogen receptors are expressed in the human fetal male external genitalia (3) , and exposure to estrogens seems to increase the risk of hypospadias (4, 5) . Furthermore, estrogen-responsive genes are up-regulated in hypospadias (6, 7) .
Hypospadias clusters within families; 7% of hypospadias cases have a first-, second-, or third-degree relative with hypospadias, whereas the expected rate of familial cases among the general population is 3% (8) . This familial aggregation is believed to be caused by genetic rather than intrauterine environmental factors (9) . Rare mutations in genes have been found in only a few hypospadias patients, for example in the genes encoding the androgen receptor (AR) (10 -13) , steroid-5␣-reductase (SRD5A2) (14) , hydroxy-␦-5-steroid dehydrogenase (HSD3B2) (15) , mastermind-like domain containing 1 [MALMD1, previously named chromosome X open reading frame 6 (CXorf6)] (16) , and bone morphogenetic proteins 4 and 7 (BMP4 and BMP7) (17) as well as in the genes coding for homeobox A4 and B6 (HOXA4 and HOXB6) (17) . However, most investigators are convinced that single mutations are not likely to be the cause of the majority of nonsyndromal hypospadias cases (10 -13, 15, 18) . Segregation analysis suggests that the majority of cases have a multifactorial etiology (19) .
According to the common gene, common disorder hypothesis (20) , multiple frequently occurring genetic variants (polymorphisms), each with a relatively small effect, contribute to multifactorial disorders. Although not many studies investigated polymorphisms in relation to hypospadias, some associations with hypospadias have been reported, mainly of polymorphisms in endocrine-related genes, namely in AR (21, 22) , SRD5A2 (23, 24) , the genes encoding estrogen receptors 1 (ESR1) (25, 26 ) and 2 (ESR2) (26 -28) , and activating transcription factor 3 (ATF3) (29) . Furthermore, polymorphisms in the genes encoding fibroblast growth factor 8 (FGF8) (18) and FGF receptor 2 (FGFR2) (18) have been associated with hypospadias. Overall, however, the numbers of samples analyzed in these studies were relatively small, with only 43-380 cases plus controls included. Only three of the above associations (rs523349 in SRD5A2, the GGN repeat in AR, and the CA repeat in ESR2) have been reported in more than one study. Replication of results is a major issue in research into genetic causes of multifactorial disorders because first studies often appear to overestimate the effect of the genetic variant (so-called winner's curse) (30) , and studies reporting positive results are more likely to be published than those reporting negative results (publication bias) (31) . Therefore, the aim of this study was to investigate whether the previously reported associations of single-nucleotide polymorphisms (SNPs) in genes involved in hormonal pathways could be replicated in a large Dutch sample of 620 hypospadias cases and 596 controls.
SNPs in four genes were studied; SRD5A2, ESR1, ESR2, and ATF3. SRD5A2 encodes an enzyme that converts circulating testosterone in the genital tubercle to the more potent androgen dihydrotestosterone, which stimulates normal differentiation and development of the genital tubercle into the external genitalia (2) . ESR1 and ESR2 encode estrogen receptors, and ATF3 is an estrogenresponsive gene, showing strong up-regulation in hypospadias (6, 7) . Furthermore, we investigated whether localization of the meatus influenced our findings because hypospadias with different localizations of the urethral opening arise at distinct embryologic stages with different genes likely to be involved in the process.
Subjects and Methods

Cases and controls
The Aetiologic Research into Genetic and Occupational/Environmental Risk Factors for Anomalies in Children (AGORA) project of the Radboud University Nijmegen Medical Centre aims at building a data bank and biobank with questionnaire data and DNA samples from patients with a congenital disorder and their parents. For the current study, DNA collected prospectively and retrospectively was available from 679 hypospadias cases. The majority of the cases were of European Caucasian descent (92%), whereas descent was not Caucasian (5%) or unknown (3%) for the remaining cases. Only Caucasian cases were included in the analyses. The retrospectively collected cases (n ϭ 478) have been described before in studies on environmental risk factors for hypospadias (32, 33) . Routine data collection since 2005 provided the prospective cases. Medical records of all cases were reviewed to identify syndromal cases of hypospadias and clinical characteristics of patients and determine the anatomical location of the urethral opening. The location was determined by experienced pediatric urologists during physical examination before surgery. For the current study, anatomical location was subdivided into three categories: anterior hypospadias (glanular and subcoronal), middle hypospadias (penile), and posterior hypospadias (penoscrotal, scrotal, and perineal).
Controls were obtained from the Nijmegen Biomedical Study, a population-based survey conducted by the Department of Epidemiology, Biostatistics, and Health Technology Assessment and the Department of Clinical Chemistry of the Radboud University Nijmegen Medical Centre in 2003. Age-and sexstratified randomly selected inhabitants of the municipality of Nijmegen (n ϭ 22500) received an invitation to fill out a postal questionnaire, e.g. on lifestyle and medical history, and to donate blood samples. The response to the questionnaire was 42% (n ϭ 9373), whereas 72% (n ϭ 6747) of the responders also donated blood samples (34) . The 596 youngest males of Dutch descent were selected for the current study. None of them had reported penile surgery in the self-report questionnaires administered by the Nijmegen Biomedical Study.
The regional Committee on Research Involving Human Subjects approved both studies. All participants gave written informed consent for participation in the study.
Genotyping
Blood was collected in EDTA containing tubes for the largest part of the study population (n ϭ 980), whereas saliva was collected using Oragene containers (n ϭ 295; DNA Genotek Inc., Ottawa, Ontario, Canada). DNA was extracted from blood or saliva using standard methods. Samples were genotyped for rs523349 in SRD5A2 (23, 24) , rs6932902 in ESR1 (25), rs2987983 in ESR2 (27) , and rs11119982 in ATF3 (29) using 5Ј-nuclease TaqMan SNP genotyping assays (SRD5A2: C_2362601_10, ESR1: C_2823640_10, ESR2: C_1436929_20, ATF3: C_27262262_10; Applied Biosystems, Foster City, CA). PCRs were carried out in 96-well plates in a 10-l volume containing 10 ng genomic DNA, 5 l Taqman universal PCR master mix, 0.125 l assay mix, and milli-Q. The PCR consisted of an initial denaturation step at 95 C for 10 min followed by 40 cycles of denaturation at 92 C for 15 sec and annealing and extension at 60 C for 60 sec. After PCR, allele-specific fluorescence was measured on an ABI 7500 FAST (Applied Biosystems). In each plate, five wells were loaded with randomly selected duplicate DNA samples from the same and other plates for quality control purposes. In addition, four blanks were included in each plate. Genotyping was carried out in a laboratory recognized and granted accreditation for quality control by the coordinating committee for improvement of quality control of laboratory research in health care.
Statistical analysis
Statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, IL). Genotype frequencies in controls were tested for accordance with Hardy-Weinberg equilibrium. For the four SNPs, the most frequent homozygous genotypes in controls were used as reference values. Odds ratios (OR) for hypospadias risk and corresponding 95% confidence intervals (CI) were calculated at genotype and allelic level. Furthermore, 2 tests were performed. P Ͻ 0.05 was considered statistically significant in the primary analyses. Applying the Bonferroni correction for multiple comparisons decreased the significance threshold to 0.004 for the 12 comparisons made.
In a second step, cases were subdivided into anterior, middle, and posterior categories, and the statistical analyses were repeated. Furthermore, to exclude bias due to the different sources of DNA (i.e. blood and saliva), the analyses were repeated separately for cases of whom DNA was obtained from either blood or saliva.
To enable a better comparison between the results of our study and the previously published results, we recalculated the risk estimates of these studies according to the procedures described above. Exact 95% CI around the ORs were calculated using the Fisher exact method, whenever expected cell numbers were below five. Figure 1 shows a flow chart of the collection and selection of cases for this study. In the analysis of the complete sample, 620 cases were included, whereas in the second step of the analysis, 579 case samples could be included for whom the hypospadias location had been determined. Table 1 shows the clinical characteristics of the patients. More than half of the posterior cases underwent the onlay island flap procedure. Other techniques used were the tubular graft (Duckett's procedure) and tubularized incised plate urethroplasty. One third of these posterior hypospadias cases needed a two-stage repair.
Results
Genotyping of the four SNPs was completed with a success rate of more than 99%. All genotype frequencies in controls were in Hardy Weinberg equilibrium (SRD5A2: P ϭ 0.63; ESR1: P ϭ 0.98; ESR2: P ϭ 0.22; ATF3: P ϭ 0.31). Table 2 presents the results of the primary genotype and allele association analyses of the four SNPs. For the SNP in SRD5A2, there was no indication of an association with hypospadias in our sample, neither at the genotypic nor at the allelic level. For the SNPs in ESR1 and ATF3, odds ratio for the risk of hypospadias were statistically significantly increased for both variant genotypes (ATF3) and the variant allele (ESR1, ATF3). For the SNP in ESR2, both variant genotypes and the variant allele appeared to be negatively associated with hypospadias, although not statistically significant. After correction for multiple testing, none of the results remained statistically significant. Separate analyses fortheanterior,middle,andposteriorcategoriesofhypospadias and for DNA obtained from blood and saliva showed comparable results in the subgroups (data not shown).
In Table 3 our results are compared with the results of previously reported studies. We were unable to replicate the results of Wang association of rs523349 in SRD5A2 with hypospadias in 90 Chinese cases and 87 controls (24) and 158 Swedish, Turkish, and Middle Eastern cases and 96 Swedish controls (23), respectively. We did not replicate the association of rs6932902 in ESR1 with hypospadias either, as reported earlier by Watanabe et al. (25) in 43 Japanese cases and 135 controls. These authors investigated eight SNPs covering a linkage disequilibrium block in ESR1 and found the strongest association with hypospadias for rs6932902, which was nonsignificant in our sample, although showing a trend in the same direction. Our findings for rs2987983 in ESR2 and rs11119982 in ATF3 showed trends in the opposite direction compared with the earlier publications by Beleza-Meireles et al. (27) , who genotyped four haplotype-tagging SNPs in ESR2 in a Swedish cohort of 348 cases and 377 controls and reported a statistically significant association with hypospadias for rs2987983. They also genotyped 330 cases and 374 controls for eight haplotype-tagging SNPs in ATF3 and concluded that rs11119982 was negatively associated with hypospadias (29), whereas a positive association was observed in our study.
Discussion
It is a well-known fact that most associations reported in genetic studies do not replicate across subsequent studies (35) . This is true even for studies investigating very plausible candidate genes for a phenotype or disorder, as is the case in the current study, in which, among others, a gene implicated in monogenic forms of hypospadias (SRD5A2) was investigated. To our knowledge, the current study investigated the largest sample of hypospadias cases and controls for associated SNPs thus far reported. We were unable to replicate the results of three earlier studies in Caucasian populations. As for the results of the two earlier studies in non-Caucasian populations, these findings did not generalize to our Caucasian population. The lack of consistency between our study and previously performed studies might be caused by spurious results or chance findings found in our or the earlier studies, especially in those with very small sample sizes, differences in the criteria used to select cases and/or controls, or a real difference between the populations (36) .
Population stratification, which occurs when cases and controls are drawn from different subgroups that differ in disease prevalence and frequency of the genetic variant, may lead to spurious results. We selected only Caucasian cases and controls living in the same area in The Netherlands to minimize the chance of population stratification. when they restricted the analyses to only Swedish cases, the association was still observed, making population stratification in their study unlikely as well. We do not expect spurious results due to the different sources of the DNA used in our study because results were comparable in the stratified analyses. Small sample sizes may result in insufficient power to detect an association and may lead to genotype frequencies that are not representative of the frequencies in the population from which the sample was drawn due to chance. Therefore, we collected a large study sample of approximately 600 cases and 600 controls, providing a power of 82-94%, given an alpha of 0.05, to detect associations between hypospadias and SNPs with allele frequencies between 0.1 and 0.5 and a dominant genetic effect increasing the risk of disease 1.5-fold (a conservative estimate based on the previous studies shown in Table 3 ). Differences in results between our and other studies may also be caused by disease heterogeneity due to differences in the criteria used to select the cases. Indeed, more than 25% of the cases used in the Chinese and Japanese studies had micropenis (24, 25) , which were nearly absent in our study population. Furthermore, the study by Thai et al. (23) included a high proportion of familial cases. However, a subanalysis in their publication restricted to sporadic cases only still showed the association (23), suggesting that familiality did not explain the observed association. All three studies mentioned above included more hypospadias cases with a posterior localization of the meatus than we did (23) (24) (25) . We tried to tackle this inconsistency between the studies by analyzing our data separately for the different categories of hypospadias, but comparable results were found in the different subgroups. In addition, we excluded patients with disorders of sex development or micropenis in an attempt to increase the homogeneity of our sample. This did not change the results either (data not shown). These findings suggest that localization of the meatus and familiality are no adequate explanation for the differences in results.
Because the populations analyzed in the other studies are indeed dissimilar to the Dutch population and some of the populations even differ in ethnicity, a real difference between the populations studied might exist. There may be a difference in the etiology of hypospadias, manifested as other underlying trait loci or their alleles, or a difference in environmental exposures between populations. One can speculate that specific SNPs lead to an increased susceptibility of hypospadias only in the presence of an environmental exposure. Factors suspected to be of relevance in the etiology of hypospadias and potentially differing between populations include maternal age, assisted reproductive techniques, and iron supplementation (5, 32, 37, 38) . Furthermore, there might be a difference in genetic backgrounds, affecting the associations if these are dependent on interactions with other SNPs that are present in one population but not in another or on linkage disequilibrium with a causal allele. Because the SNPs in ESR1, ESR2, and ATF3 are haplotype-tagging SNPs and haplotype block patterns may differ between populations, these SNPs might be in linkage disequilibrium with the causal SNPs in some populations but not in others. The SNP in SRD5A2, which causes a valine to leucine (V89L) substitution resulting in an approximately 30% decrease in enzyme activity (39, 40) , is likely to be a causal SNP but not in our population.
Our failure to replicate the previous findings in a large, well-powered study should not be taken as evidence that the tested genes do not contribute to disease risk. For the reasons explained above, we cannot exclude the possibility that the SNPs investigated in this study are associated The first shaded column presents the odds ratios and 95% confidence intervals comparing the two other genotypes to the most frequent homozygous genotype in controls as well as the statistical significance of the differences in genotype distributions between cases and controls. The second shaded column has the same structure, but for alleles.
with hypospadias in some populations. In addition, one should keep in mind that we examined only one SNP per gene. Other SNPs, SNP-haplotypes, or other types of polymorphisms, such as variable number tandem repeats, e.g. those reported in ESR2 (28) and potentially also copy number polymorphisms, may be of relevance for hypospadias risk as well.
Our study once again confirms the importance of replication studies for the validation of the results of genetic association approaches. These studies can provide information about the generalizability of the findings and contribute to the determination of realistic estimates of effect sizes. In addition, in the specific case of hypospadias, in which clear evidence regarding the molecular pathways leading to disease is lacking, methods such as genome-wide association studies may be called for rather than candidate gene approaches to generate hypotheses regarding the pathways and genes involved in the etiology of hypospadias. The left half of the table presents genotype data and the right half allelic data. For each SNP, both our results and those from previously published studies are displayed. The first three columns of this table present the genotype distribution of the four SNPs investigated among hypospadias cases and controls. The shaded column presents the odds ratios and 95% confidence intervals comparing the two other genotypes to the most frequent homozygous genotype in controls as well as the statistical significance of the differences in genotype distributions between cases and controls. The right half of the table has the same structure, but shows allele frequencies. a Exact 95% CI calculated using the Fisher exact method.
